We report combined temporal and spatial laser pulse shaping to perform lateral and depth dependent two-photon excited fluorescence of dyes. For generating the specific spatially and temporally phase tailored pulses a temporal pulse shaper and a subsequent spatial pulse shaper are employed. Simultaneous spatial and temporal shaping is presented for two-photon excited fluorescence by applying temporal third order phase functions on spatially different light field components. Moreover, the prospects of spatial shaping are demonstrated by applying various lateral two-photon fluorescence pattern. In particular, a depth dependent excitation of different dyes is performed which leads to a high axially resolved fluorescence contrast. The introduced spatial and temporal shaping technique provides new perspectives for biophotonic imaging applications.
Introduction
In the last years laser pulse shaping has become a powerful and versatile tool in several research fields (e.g. [1] [2] [3] [4] [5] [6] ). For this purpose, Fourier domain shaping with liquid crystal modulators is employed which leads to temporally tailored light fields. This allows for controlling molecular processes with temporally shaped pulses in order to achieve a predefined target state [7] [8] [9] . Moreover, modification of the light polarization was additionally included to extend the pulse shaping feasibilities [10] . Laser pulse shaping is particularly applied for multiphoton excited fluorescence where intrapulse interference is utilized to selectively address different molecules [11] . This is most useful for three-dimensional imaging in multiphoton microscopy [12] .
Similar to the temporal shaping it is also possible to modify the spatial laser profile by using focussing lenses and a two dimensional liquid crystal array combined to a spatial light shaper [13, 14] . This wavefront shaping technique leads to definable tailored beam profiles in the focal plane. Shaped spatial beam profiles were applied for high resolved spatial imaging [15, 16] , microstructuring [17] , and deep tissue focussing [18] . Modifying the focal depth by employing specific spatial phase pattern allows for deep layer imaging by two-photon excited fluorescence microscopy [19] . First approaches were already undertaken to combine temporal and spatial shaping techniques [20] [21] [22] [23] . Simultaneous temporal and spatial pulse shaping has a high scientific potential since it enables for controlling fundamental photo-induced processes concurrently temporally and spatially.
This contribution is concerned with simultaneous temporal and spatial pulse shaping to generate user defined pulses which are employed for two-photon excitated fluorescence. These experiments are performed with a recently developed pulse shaper setup consisting of a temporal and a subsequent spatial shaper. It allows for simultaneous and independent
Original content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. temporal shaping of different spatial components. Contrasts are received by using antisymmetric third order phase functions for temporal shaping. Lateral pulse shaping is presented for parallel and perpendicular fluorescence detection geometry. In particular, the combined shaping method is applied to first establish depth dependent selective excitation of different dyes, which leads to a high axially resolved fluorescence contrast. These optical tools will be relevant for biophotonic imaging.
Experimental
The scheme of the experimental setup is displayed in figure 1 . A frequency-doubled Nd:YVO 4 laser (Verdi V, Coherent, Inc.) pumps a broadband titanium sapphire laser oscillator (Femtosource Compact, Femtolasers), having an average power of 350 mW with a repetition rate of 75 MHz. The central wavelength is adjusted to 805 nm with a spectral full width at half maxium of about 80 nm. The ultrashort laser pulses pass a 4f pulse shaper with a computer controlled liquid crystal light modulator (SLM 640, Cambridge Research Instruments). This allows for independently shaping the phase and polarization of the light field. The temporally modified laser pulses are subsequently guided to the spatial modulator (PLUTO-NIR-015-C, HOLOEYE Photonics AG). The spatial shaper for forming the spatial laser profile consists of a 2D array with 1920×1080 liquid crystal elements and a reflective surface behind. The display exhibits an active area of 15.36 mm×8.64 mm. A focussing lens ( f = 300 mm) is placed 300 mm behind the 2D modulator and the spatially shaped focal profile can be detected by a camera (AW335, Ausdom Inc.). Polarizer, waveplate and filter are utilized for shaping and signal detection. With the temporal shaper the spectral phases are independently modulated Figure 1 . Schematic experimental setup with a fs-laser (Ti:Sa), a temporal pulse shaper with gratings and a liquid crystal light modulator, a half-wave plate for turning the light polarization, and a spatial beam shaper with a 2D liquid crystal array. Furthermore, a cuvette for fluorescence excitation and optical components for detection are shown. The laser beam first passes the temporal pulse shaper, then its polarization is turned to optimally pass the spatial pulse shaper, and finally the modulated beam is focused into a cuvette. The induced fluorescence is directed into a fiber spectrometer by using two collecting lenses. The detection is either parallel or perpendicular to the laser beam direction. on the two polarization axes at ±45°to the horizontal. For rotating the polarization a λ/2-waveplate is inserted which turns the temporally shaped polarization components to the vertical and horizontal direction. Thus, they are projected on the vertical and horizontal axes of the 2D array to allow for different spatial profiles of these components. With this configuration of the experimental setup, the horizontal polarization component can be spatially shaped while the vertical polarization component will remain as a Gaussian-profile for all measurements. In some measurements the vertically polarized component is removed by a polarizer.
In order to perform the fluorescence experiments, after the shaper the beam is directed into a quartz glass cuvette with the dyes solvated in ethanol. A further short focal length lense (30 or 50 mm) is located close to the cuvette in order to create a stronger focus. The dyes rhodamine B (rhoB) and coumarin 102 (c102) were employed for two-photon excitations because they exhibit high quantum yields [24, 25] . The fluorescence detection is either parallel or perpendicular to the laser beam direction. For perpendicular fluorescence detection, the laser beam waist was placed close to the inner side glass wall for minimizing self-absorption and hence to acquire the maximal fluorescence signal. The emitted light is focused by two lenses into the recording camera and a glass filter (BG 39) is used to reduce the stray light of the laser. For finding transform-limited pulses an optimization by phase resolved interferometric spectral modulation [26] was performed in order to receive the phase retardances.
Results

Lateral pulse shaping
The initial experiments were conducted for perpendicular fluorescence detection. Figure 2 shows camera images of the fluorescence intensities in a cuvette induced by spatially separated phase shaped polarization components. The upper traces display the two-photon fluorescence of coumarin 102 and rhodamine B for the third order phase shaped vertical polarization component at λ 0 = 820 nm and the lower traces show the third order phase shaped horizontal component at λ 0 =780 nm, respectively. The horizontal polarization component is vertically downshifted by applying a linear spatial phase using the Zernike polynominal -Z 1 1 with a factor of 170 inscribed on the 2D array of the spatial pulse shaper. The spatially separated pulse components exhibit differing two-photon induced fluorescence intensities due to their specific spectral phase functions. This enables for predominant excitation of one dye by one spatial pulse component and simultaneously for excitation of the other dye by the other spatial component. In particular, the upper trace optimizes the two-photon fluorescence of rhodamine B and the lower trace the fluorescence of coumarin 102, whereby rhodamine B is generally more intense than coumarin 102.
The second measurement is performed for top view detection of the fluorescence, whereby the detector faces the surface of the cuvette. To this end, a dielectric reflecting mirror is inserted to direct the beam on the surface of the cuvette with the fluorescence light transmitting the mirror. This top view geometry allows for simultaneous excitation and detection on the surface normal. For this case, the not spatially modified vertically polarized pulse component is removed by inserting a polarizer. The temporal phase is set to a constant value to get a short pulse for receiving maximal fluorescence signal. Figure 3 presents the images of the cuvette with rhodamine B. Sinusoidal phase gratings f (p)=Asin(2πp/λ) were written on the modulator, with the amplitude A, the liquid crystal element number p, and the period λ. Any two-photon excitation pattern can be realized by applying the suitable 2D phase functions on the spatial modulator. It has to be noted that the two-photon fluorescence intensities depend on the square of the light intensities. Hence, mainly the high intense light components will be visible in the image.
Depth resolved pulse shaping
For deep tissue imaging applications it is highly relevant to perform axially resolved two-photon excited fluorescence measurements. With the presented setup it is feasible to additionally modify the focal depth by inscribing appropriate 2D phase functions on the spatial modulator. Also in this case the vertically polarized pulse component is removed by a polarizer. Figure 4 
Conclusion
A spatially resolved two-photon excited fluorescence contrast was obtained by simultaneous and combined temporal and spatial laser pulse shaping. To that end, a temporal pulse shaper and a subsequent spatial pulse shaper were utilized to design the specific spatially and temporally phase tailored pulses. Laterally modulated two-photon excitation of different dyes by applying temporal third order phase functions was demonstrated for different excitation and detection geometries. Particularly, spatial pulse shaping was additionally employed for depth dependent excitation and a considerable axially resolved fluorescence contrast was measured. This novel approach could be employed for improved contrast recordings of autofluorescing molecules. The described spatial and temporal shaping method allows for simultaneous measurements at different spatial positions with well controllable light fields which will lead to novel biophotonic applications. 
